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ABSTRACT: Ice is ubiquitous in nature, and heterogeneous
ice nucleation is the most common pathway of ice formation.
How surface properties affect the propensity to observe ice
nucleation on that surface remains an open question. We
present results of molecular dynamics studies of heterogeneous
ice nucleation on model surfaces. The models surfaces
considered emulate the chemistry of kaolinite, an abundant
component of mineral dust. We investigate the interplay of
surface lattice and hydrogen bonding properties in affecting ice
nucleation. We find that lattice matching and hydrogen bonding
are necessary but not sufficient conditions for observing ice
nucleation at these surfaces. We correlate this behavior to the orientations sampled by the metastable supercooled water in
contact with the surfaces. We find that ice is observed in cases where water molecules not only sample orientations favorable for
bilayer formation but also do not sample unfavorable orientations. This distribution depends on both surface-water and water−
water interactions and can change with subtle modifications to the surface properties. Our results provide insights into the diverse
behavior of ice nucleation observed at different surfaces and highlight the complexity in elucidating heterogeneous ice nucleation.

1. INTRODUCTION

Heterogeneous ice nucleation is one of the dominant pathways
for ice formation relevant to a variety of fields, such as
microbiology,1−4 water transport in plants,5 food preservation,6

and atmospheric studies.7,8 Heterogeneous ice nucleation can
occur at warmer temperatures than required for homogeneous
ice nucleation, making it the more commonly observed
phenomena.7,9,10 Different surfaces promote ice nucleation at
different temperatures and rates.4,9,11−17 Although these
differences are documented, there is no explanation for the
disparity of surface effects on ice nucleation. Additionally, the
mechanisms underlying a surface’s ability to promote ice
nucleation are unknown. Therefore, it is imperative to probe
the relation between the surface and water behavior at
supercooled temperatures to bring us closer to answering
these open questions. Studying ice formation on common
nucleants is an important step in establishing such relations.
Several field studies and experimental efforts have charac-

terized the ice nucleating efficiency of various surfaces relevant
to atmospheric ice nucleation.7,9,10,14,18,19 The studies indicate
that mineral dust particles such as kaolinite, Illite, quartz and
montmorillonite catalyze ice nucleation.9,14,19,20 While experi-
ments provide insights into the ice nucleating ability of different
surfaces, they struggle to provide molecular details. On the
other hand, molecular simulations can provide these details for
water−surface interactions. Recently, several simulation studies
have been reported on water adsorption and ice nucleation near
various surfaces.15,16,21−41 Simulations show that templating
alone does not account for a surface’s ice nucleating

ability.15,16,23,30,31,33−35,37,39−44 Based on ice nucleation simu-
lations on generic (graphite-like) surfaces, different theories in
addition to templating have been put forth to explain the ice
nucleating abilities of surfaces.23,30,31,44 One theory suggests
that there is an optimum strength of interaction between the
surface and the water molecules that stabilizes ice-like
configurations near the surface thereby promoting ice
nucleation.30,31 Another explanation contends that an increased
layering of water molecules caused by the surface promotes ice
nucleation.23,44 However, it has been found that neither of
these theories readily transfer to other surfaces, highlighting the
complexity of heterogeneous ice nucleation.31,33,35,37 As ice
nucleation mechanisms vary in accordance with the surface,
more nucleants need to be studied.
One surface that has been the focus of several recent

simulation studies is kaolinite.22,35,42,45 Kaolinite is one of the
most abundant mineral dust particles in the atmosphere,
accounting for as much as 75% of mineral dust in some
areas.7,46 Kaolinite is a layered alumino silicate mineral and
exposes a layer of hydroxyl groups arranged in a hexagonal
pattern on the (001) plane. According to the conventional
explanation, ice nucleation is promoted since this hexagonal
arrangement templates the basal plane of ice. However, this has
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been contested in recent simulations. Using first-principles
calculations, Hu and Michaelides29 concluded that the ice
nucleating efficiency of kaolinite is attributable to its ability to
hydrogen bond with water molecules. It has been suggested
that the ability of the hydroxyl groups on the surface to respond
to the water structure is a factor in kaolinite’s ice nucleating
ability.42 Furthermore, the hydroxyl-terminated surface of
kaolinite was found to nucleate ice on the prismatic plane in
contrast to the expected basal plane.22,42,43 Additionally, slight
changes to the surface or including the vibrations of surface
atoms seem to hinder ice nucleation altogether in kaolinite.45

Collectively, this demonstrates an delicate interplay of different
surface properties in promoting ice nucleation.
To elucidate the interplay of surface properties on ice

nucleation, we investigate the role of lattice matching and
hydrogen bonding on model surfaces. The model surfaces
emulate the chemical structure of kaolinite. We perform
extensive microsecond long molecular dynamics (MD)
simulations of the water-surface systems. Our results establish
that in kaolinite-like surfaces lattice matching and hydrogen
bonding are necessary but not sufficient conditions to promote
ice nucleation. Furthermore, consistent with our previous
study37 we observe a correlation between the orientation
distribution of interfacial water molecules in the metastable
liquid and the propensity of observing ice nucleation.

2. SIMULATION METHODS
We investigate the effects of surface lattice spacing and hydrogen
bonding ability on ice nucleation through microsecond-long MD
simulations of water near model mineral surfaces. The model surfaces
are generated based on the chemical structure of kaolinite. Kaolinite is
comprised of a tetrahedral SiO4 layer bonded to an octahedral
aluminum (AlO6) layer. The oxygen atoms that are bonded to
aluminum atoms and not shared with the silicon atoms are
hydroxylated, resulting in a layer of hydroxyl groups on the (001)
plane.
Our model surfaces are generated to emulate the kaolinte chemical

structure. However, they are designed such that the resulting hydroxyl
layer is planar with the oxygen atoms arranged in a regular hexagonal
packing. This was achieved by using an average Al−O bond distance of
1.907 Å47,48 in generating the structure with similar geometry to
kaolinite. We refer to these model surfaces as kao surfaces henceforth.
Previous studies have suggested that the corrugation of the kaolinite
surface could play a role in ice nucleation.45 Using kao as our model
surfaces enables us to eliminate this effect and focus specifically on the
interplay of lattice matching and hydrogen bonding. Further details of
the kao structure are provided in the Supporting Information.
Modified kao surfaces were generated by expanding or compressing

our model kao structure by 10 and 20%. We refer to these surfaces as
kaoxn, where x is “+” for stretched (increased distances) and “−” for
compressed (decreased distances) surfaces, and n represents the
percent change in the atom distances. This resulted in a total of five
different surfaces (Table 2). The kao−20 surface has a lattice spacing
that presents a perfect match to the basal plane of the ice structure.
Each simulation system comprised of two slabs of kao, where each

slab is composed of two kao layers. The slabs are placed such that they
mirror each other to prevent the artifacts resulting from the
unphysical, long-range electric fields caused by lattice truncation.25,49

Water molecules were placed in contact with the exposed hydroxyl
layer of each slab. The distance between the two water layers in the
starting configuration was maintained to be at least 2 nm to minimize
the interactions between them and allow for the density fluctuations
inherent to ice nucleation. The box dimensions varied from 2.7 × 2.3
× 22.6 nm3 to 3.9 × 3.4 × 14.6 nm3 with larger x- and y-dimensions
necessary for the stretched kao surfaces and larger z-dimension
required for the compressed kao surfaces. Further details are provided
in the Supporting Information.

Each water layer placed near the kao surface consisted of 720 water
molecules. The TIP4P/Ice model was used to represent water in our
simulations.50 TIP4P/Ice is shown to accurately capture the phase
diagram of water and the different ice polymorphs. Kao was described
by the CLAYFF force field.51 Since we are focused on elucidating the
effect of lattice match and hydrogen bonding on ice nucleation, we
chose to hold the positions of all the kao atoms except the hydrogen
atoms of the hydroxyl groups in contact with water fixed in our
simulations. The hydrogen atoms were covalently bonded to the
oxygen atoms and the −OH bond length was maintained at 0.0978
nm. No constraints were imposed on the bond angles.

The initial configurations for the water molecules were taken from a
simulation of bulk water at 300 K. This configuration was energy
minimized, and multiple simulations were launched with velocities
randomly generated from a Maxwell distribution at 300 K. The system
was quenched from 300 to 230 K. This corresponds to ∼40 K
supercooling for TIP4P/Ice model. Each simulation was run for at
least 1 μs in the NVT ensemble. Temperature was maintained using
the V-rescale thermostat.52 Electrostatic interactions were calculated
using the particle mesh Ewald method53 as implemented in
GROMACS. Bond lengths of the hydroxyl groups in kao and
geometry of water molecules were constrained using the LINCS
algorithm.54 A time step of 2 fs was used, and configurations were
stored every 10 ps for further analysis. All MD simulations were
performed using GROMACS 4.5 and 4.6.55

To investigate the effect of surface lattice spacing on ice nucleation,
microsecond long simulations were performed on all of our modified
surfaces. The surface hydroxyl groups were free to rotate around a
fixed oxygen position and we refer to them as flexible. To investigate
the effect of the flexibility of the surface hydroxyl groups on ice
nucleation, additional simulations were performed where the −OH
groups were fixed. In these simulations, the entire kao surface was
frozen with the surface hydroxyl groups oriented either parallel (fixed
upright) or perpendicular (fixed down) to the surface normal. We refer
to these with the added subscript of up and down, respectively. A
summary of the different systems simulated is provided in Table 1.
Collectively, a total of 60 μs of MD simulations were performed to
study the effects of surface lattice, and surface hydroxyl groups on the
observed ice nucleation behavior.

Table 1. Summary of the Simulations Performed and the
Number of Nucleation Events Observed

surface (x,y) nm
−OH

orientation
water
model runs

nucleation events
observed

kao−20 (2.69,2.33) flexible TIP4P/
Ice

17 3

kao−10 (2.91,2.52) flexible TIP4P/
Ice

6 0

kao0 (3.23,2.80) flexible TIP4P/
Ice

6 0

kao+10 (3.56,3.08) flexible TIP4P/
Ice

1a 0

kao+20 (3.88,3.36) flexible TIP4P/
Ice

1a 0

kao−20 (2.69,2.33) fixed
upright

TIP4P/
Ice

11 2

kao−20 (2.69,2.33) fixed down TIP4P/
Ice

6 0

kao−10 (2.91,2.52) fixed
upright

TIP4P/
Ice

6 0

kao0 (3.23,2.80) fixed
upright

TIP4P/
Ice

6 0

aNo nucleation was observed at this surface, and based on the insights
from nucleation at the other surfaces, we decided that this surface
represented too large a lattice mismatch to observe ice nucleation.
Therefore, no further simulations were performed.
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3. RESULTS AND DISCUSSION

To investigate the effect of lattice spacing, we performed several
microsecond long MD simulations of water on model kao
surfaces at 40 K supercooling. Conventionally, surfaces with a
lattice spacing close to that of ice are believed to promote ice
nucleation through a templating effect. Given a structure that
correlates to the hexagonal structure of the ice crystal, how
close in lattice does the surface need to be to promote ice
nucleation? To probe this question, we generated kao surfaces
that have lattice spacings spanning from a lattice mismatch of

0% to 44% with the ice structure, as shown in Table 2. Lattice
mismatch, δ is calculated using the relation

δ =
−

×
a a

a
(%) 100surf ice

ice

where asurf and aice are the lattice spacing of the surface and ice,
respectively. The lattice spacing for the kao surfaces is equal to
two times the distance between the nearest coplanar oxygen
atoms. aice is equal to the distance between the nearest coplanar
oxygen atoms in the basal plane of ice. These distances were
selected based on the expected sites for water adsorption that
were evaluated from preliminary simulations of kao0−water
systems.
3.0.1. Ice Nucleation. The density distribution of water

oxygen atoms as a function of the distance from the surface was
calculated to capture the changes in the water structure during
the simulations. As expected, layering of water molecules is
observed in all cases studied. Since all the kao surfaces are
hydrophilic and have the ability to hydrogen bond with the
water molecules we observe a large first peak in the density
distribution. As the simulation proceeds, there is an increase in
the sharpness of the layers further away from the surface for all
cases. This indicates there are some local rearrangements of
water molecules leading to more ordered water molecules
further from the surface. Kao−20 promoted the most structuring
leading to well-defined water layers further away from the
surface. Double peaks separated by wide minima in the density
distribution function of water molecules near kao−20 surface
evolved, suggesting the development of some crystalline
structure (see Figure 1a). The distance between the double
peaks within a hydration layer is ∼0.09 nm. This distance is
equal to the height of the chair formation hexagons in ice. The
distance between hydration layers is ∼0.365 nm, which
corresponds to the height difference of two basal layers in
the ice structure. This suggests that we observe ice-like
structure on kao−20 surface. No such crystalline structures
were observed for the other surfaces in our 1 μs long

simulations. This suggests that kao−20 is the most effective ice
nucleating agent relative to the other surfaces studied here.
Using the CHILL algorithm,57 we characterized the ice type

growing on the surface. We find the growth of stacked
hexagonal (Ih)−cubic (Ic) structures near the kao−20 surfaces.
Previous studies have reported the formation of stacked Ih−Ic
structures for homogeneous ice nucleation,58−62 and only Ih
near kaolinite surfaces.22,42,43 It was argued that Ih was observed
near the kaolinite surface because it supported the nucleation at
the prismatic plane.22,42 The differences in the ice type near
kaolinite and kao−20 surfaces arise from the plane of ice in
contact with the surface. In contrast to kaolinite, the kao−20
surface promotes the basal plane of ice. Structurally the basal
planes of Ih and Ic are the same, and there is no competition
between them within this layer. Stacking disorder occurs in the
direction normal to the basal plane. Thus, the growth from the
basal plane can easily allow stacking disorder. On the other
hand, surfaces supporting a prismatic plane could hinder
stacking disorder since it would need to occur at an angle with
the surface. This would, thus, result in the growth of Ih at the
surface. These results highlight the potential of significant
differences in ice structure arising from subtle changes in the
lattice spacing and topology of the surface.

3.0.2. Mechanism of Ice Nucleation. Detailed evolution
of the ice structure near the kao−20 surface as captured by the
density profiles is shown in Figure 1. The structural
rearrangements leading to ice nucleation and growth begin in
the second hydration layer. The second hydration layer
corresponds to the region between the first and second minima
in the density profile, as indicated in Figure 1a. The
rearrangements result in the formation of double peaks, and
wide minima characteristic of ice structure. The second
hydration layer develops into a bilayer, as the shoulder of the
first hydration layer (gray arrowhead in Figure 1a) develops
into a peak almost simultaneously. The density in the minima

Table 2. Surface Specifications of the Kao Surfaces Used in
This Studya

surface asurf rOO δ(%) ice?

kao−20 0.449 0.225 0.0 yes
kao−10 0.485 0.243 8.0 no
kao0 0.539 0.270 20 no
kao+10 0.593 0.297 32 no
kao+20 0.647 0.323 44 no

aThe lattice mismatch from Ih and Ic, and the distance between the
nearest oxygen atoms (rOO) are shown. rOO,ice = 0.275 nm and aice =
0.449 nm56.

Figure 1. Representative density distribution profiles of water oxygen
atoms (ρ(z)) as a function of distance from the kao−20 surface (z). The
z = 0 surface is the plane of the surface hydroxyl oxygen atoms.
Density profiles at different times are shown. (a) Density is averaged
over 100 ns; red: 100−200 ns, blue: 200−300 ns, green: 300−400 ns,
yellow: 400−500 ns, black: 500−600 ns. Cyan line indicates the
second hydration layer, gray arrowhead represents the first peak of the
second hydration layer, and brown arrowheads represent the second
peak in the first and second hydration layers. (b−d) Each density
profile corresponds to an average over 10 ns for the time range
indicated. For example, in panel b, red: 200−210 ns, blue: 220−230
ns, green: 240−250 ns, orange: 260−270 ns, black: 280−290 ns.
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decreases concurrently to the formation of the double peaks.
The water molecules at the distance from the surface
corresponding to the minima rearrange into the neighboring
water layers as ice-like structures begin to form in the interfacial
water layers. The second peaks that form are indicated by the
red arrowheads in Figure 1a. The ice-like characteristics begin
to appear in the third hydration layer as double peaks begin to
evolve in the second hydration layer. The sequence of these
changes can be observed in Figure 1, where the evolution of the
double peaks in the first, second, and third hydration layers for
kao−20 surfaces is shown for one representative nucleation
trajectory. In 200−300 ns (Figure 1b), the shoulder of the first
hydration layer begins to develop as a peak, while the second
hydration layer also begins to develop double peaks. In 300−
400 ns (Figure 1c), the double peaks continue to develop in the
second hydration layer with simultaneous development of the
second peak in the first hydration layer, and few signs of ice-like
structure in the third hydration layer. In 400−500 ns (Figure
1d), the first and second hydration layers have developed
double peaks, and the first minimum has ∼0 density. The
second minimum also displays decreased density and
concurrent changes in the third hydration layer can be
observed. There is a slight increase and emergence of a
shoulder-like feature in the density in the third hydration layer.
This leads to further restructuring of both the second and third
hydration layer and to the evolution of the characteristic double
peaks in both the layers. This suggests that the rearrangements
leading to ice structure are initiated in the second hydration
layer and evolve cooperatively between the first three hydration
layers. This is also observed in the time evolution of the fraction
of ice-like water molecules in the three layers (see Supporting
Information Figure S3). The ice structure continues to grow
from here.
We observe this mechanism in all cases where we observe ice

nucleation. This suggests that ice nucleation is triggered in the
layers close to the surface but not necessarily in the layer
directly interacting with the surface. This is consistent with
previous studies.22,23,44 These results indicate that the
nucleating ability of a surface is related not only to the
structure of water layer directly in contact with the surface but
also on a few layers beyond that. The arrangement of water
molecules in these layers is affected both by the surface and the
surrounding water molecules. Therefore, ice nucleation at
surfaces is a subtle inteplay of water−surface and water−water
interactions.
Further insights into the growth mechanism is obtained by

studying the evolution of the water oxygen−oxygen in-plane
radial distribution function. Figure 2 shows the in-plane radial
distribution of water molecules within the second and third
hydration layers. It is interesting to observe that the peaks
corresponding to longer range arrangements (peaks at 0.68 and
0.76 nm) of the water molecules become pronounced before
the shorter distance peaks (peak at 0.53 nm). This occurs
because the in-plane growth progresses through the formation
of chains of water molecules as shown in Figure 2c. These
chains close into hexagons beginning to form the ice structure.
On several occasions, we observe structures similar to Figure 2d
which have incomplete hexagons. This manifests as the lack of a
clear peak at 0.53 nm. The rotation or shift of just a few water
molecules can complete the hexagons, as seen in Figure 2e. We
also see patches of 3−4 water hexagons forming from which
further growth of water chains and water hexagons ensues until
a basal layer spanning the entire surface area is formed. We

note the complete surface coverage is perhaps due to the small
surface size in our simulations. We expect that for larger
surfaces the nucleus will be hemispherical. However, we
surmise that within the nucleus the ice structure will evolve
in a similar manner to that described here.
Observing the ice structure, as captured by the CHILL

algorithm,57 we find that the new ice layer begins to form
before the previous layer is completed. Representative snap-
shots illustrating the growth of the first two layers of ice are
shown in Figure 3. As can be seen, the ice structure in the first
and second hydration layer evolves cooperatively. This suggests
that the growth of ice in adjacent layers helps stabilize the in-
plane chain growth to eventually form and maintain the ice
structure. Chains of ice-like water molecules can also be
observed (see Figure 3f−h). It is interesting to note that, while
the growth of such structures was observed in homogeneous ice
nucleation, they seemed to dissolve rapidly. In fact, order
parameters excluding such chains captured the ice nucleation
process more effectively.63 By constrast, we find that these
chain-like structures were precursors to the formation of larger
ice patches on kao−20 surface. Formation of such chain-like
structures occurs frequently in both bulk and interfacial water
as a natural consequence of structural fluctuations in super-
cooled water.63 We hypothesize that the stabilization of such
chains could be a mechanism through which mineral surfaces
such as kao catalyze ice nucleation.

3.0.3. Orientational Analysis. Our recent findings
discovered a correlation between the orientation of interfacial
water molecules and the surfaces’s ice nucleating ability.37

Motivated by that, we studied the orientations of the water
molecules near the kao surfaces. The orientations are
characterized by the angle between the water dipole and
surface normal. The distribution of the orientation of the water
molecules in the first and second peaks of the first hydration
layer and the first peak of the second hydration layer is shown
in Figure 4. The first and second peaks of a given hydration
layer are shown in Figure 1a. We henceforth refer to the first
and second peaks of the first hydration as L1P1 and L1P2,
respectively, and the first peak of the second hydration layer as
L2P1.

Figure 2. In-plane O−O distance within the (a) second and (b) third
layers of water. The averages are taken every 100 ns; red: 300−400 ns,
blue: 400−500 ns, green: 500−600 ns, orange: 900−1000 ns. Black
curves indicate the in-plane g(r) for perfect ice structure. Panels c−e
show snapshots of structures that contribute to the different peaks
highlighted in panel a.
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Several differences in the orientations of the water molecules
near kao−20 compared to the other kao surfaces are observed.
Near the kao−20 surface, water molecules in L1P1 orient such
that the hydrogen atoms point toward the surface. This
orientation corresponds to an angle of ∼134° (Figure 4a,d).
The water orientations corresponding to ∼53−78° are also
relatively more populated near the kao−20 surface. On the other
hand, increased sampling of orientations with angles lesser than
37° in L1P1 are observed for the other surfaces. The
orientations in L1P2 are influenced by the arrangement of
the water molecules in L1P1 as well as those in the second
hydration layer. Near the kao−20 surface, peaks around ∼60°
and ∼120° are observed. By contrast, the other surfaces
promote orientations with angles 0−37° in L1P2. Representa-
tive snapshots corresponding to these orientations are shown in
Figure 4d.
These orientations in the first hydration layer influence the

orientations observed in the second hydration layer. The most
prominent differences in the orientations of water molecules
between kao−20 and the other surfaces are observed in L2P1
(Figure 4c). The distribution of the orientations around angles
of ∼134° and ∼60° is enhanced near the kao−20 surface. There
is also a decrease in orientations corresponding to angles of
∼90°, > 143° and <37°. In comparison, orientations observed
in L2P1 of other surfaces have higher distribution of angles of
90°, < 37° and >143°.
Promotion of ice nucleation on kao−20 relative to the other

kao surfaces can be attributed to the differences in the
orientations of interfacial water molecules. The water
orientations sampled near the kao−20 surface, namely (i), (ii),
(iii) and (iv), are also observed in the ice structure. These
orientations facilitate the formation of the ice-like bilayer. In
addition, they promote the hydrogen bonding between the
different hydration layers promoting the growth of ice
structure. This can be observed in Figure 4e, where the ice-
like bilayer and hydrogen bonding between the two layers near
the kao−20 surface can be seen. In the case of the other kao
surfaces, no clear bilayer structure is observed, and the water
molecules form two (single peak) hydration layers. This is the

consequence of having orientations marked as (vi) and (vii).
Further, the formation of bilayer water structure is inhibited by
the orientations corresponding to (v). An illustrative snapshot
of water molecules near kao0 is shown in Figure 4f.
It is interesting to note that the orientation distributions

shown in Figure 4 were averaged over 0−100 ns, and therefore
correspond to the metastable liquid water structure near the
surface. Ice nucleation is not observed at least until ∼400 ns.
This suggests that the structure of metastable liquid water as
characterized by the orientations of the water molecules could
provide a measure of the ice nucleating propensity of a surface.

3.0.4. Impact of Surface Hydroxyl Orientations. What
about the kao−20 surface promotes the orientations favorable
for an ice-like bilayer compared to the other surfaces? It could
be suggested that the lattice match between kao−20 and ice is
the primary reason for observing ice near that surface.
However, previous studies have shown that lattice matching
alone is insufficient for ice promotion,15,29,37 and that both
lattice matching and hydrogen bonding contribute to kaolinite’s
ice nucleating abilities.15,29 To probe this further, we studied
the orientations of the surface hydroxyl groups with respect to
the surface normal (see Figure 5). The hydroxyl groups of all
surfaces except kao−20 show peaks around 90° and 25°, which
correspond to hydroxyl groups pointing into the surface and
straight up, respectively. By contrast, the hydroxyl group
orientation distribution shows peaks around 78° and 45° for
kao−20. The distribution is such that on an average two of every
three hydroxyl groups orient more into the surface than toward
the water layer (see Figure 5b). This arrangement supports the
orientations of the water molecules observed in the first
hydration layer. Interestingly, we also observe that as ice
nucleation proceeds the kao−20 hydroxyl groups undergo some
changes. Specifically, the distribution of surface hydroxyl group
orientations becomes sharper (narrower) near the peaks
observed at ∼78° and ∼45°. An ability to respond to the
emerging ice lattice has been suggested to enhance ice
nucleation.11,15 This hints toward the interplay of lattice
matching and surface hydroxyl group orientations in enabling
ice nucleation at the kao−20 surface.

Figure 3. Time evolution of ice structure as classified by CHILL on the kao−20 surface. (a−e) Side view of the system. Kao−20 surface is shown in
orange and ice-like water molecules are shown in dark blue. Other water molecules are in light blue. (f−j) Top view of ice-like water molecules in the
first (orange) and second (cyan) hydration layers.
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To further elucidate the role of the surface hydroxyl groups,
we performed simulations of two kao−20−water systems. In one

system, the surface hydroxyl groups were fixed in the straight
up position (i.e., parallel to the surface normal), and in the

Figure 4. Dipole angle distribution with respect to the surface normal for water molecules in (a) the first peak of the first hydration layer, (b) the
second peak of the first hydration layer, and (c) the first peak of the second hydration layer. The distributions are averaged over 0−100 ns. Color
code: kao−20 − red; kao−10 − green; kao0 − blue; kao+10 − gray; kao+20 − orange. (d) Representative snapshots of water molecules representing
different orientations. The orientations found in ice are placed in blue boxes, and those found near the kao surfaces but not in ice are shown in black
boxes. Panels e and f illustrate the structure formed by water molecules in the first two hydration layers of kao−20 and kao0 surfaces, respectively. The
dashed lines indicate hydrogen bonds between the water molecules.

Figure 5. (a) Distribution of the angle between the surface hydroxyl groups with the surface normal. Color code: kao−20 − red; kao−10 − green; kao0
− blue; kao+10 − gray; kao+20 − orange. Side view of the (b) kao−20, (c) kao−20,up, and (d) kao−20,down surfaces. Only the surface hydroxyl groups are
shown where oxygen is orange and hydrogen is gray.
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second case the surface hydroxyl groups were fixed such that
they were parallel to the surface (i.e., making 90° angle with the
surface normal). We refer to these surfaces as kao−20,up and
kao−20,down, respectively. Snapshots of the surfaces are shown in
Figure 5.
Curiously, we did not observe any ice nucleation at

kao−20,down, while ice nucleated at the kao−20,up surface. The
mechanism of ice nucleation and growth was similar to that
observed at the kao−20 surface. Water arrangements near the
surfaces undergo changes based on the surface hydroxyl groups.
Specifically, the peaks in the water density move closer to the
kao−20,up surface relative to their location near the kao−20
surface, and L1P2 becomes more prominent. By contrast, the
water molecules move further away from the kao−20,down surface
and L1P2 disappears.
The distribution of the orientations of water molecules in the

first and second hydration layer for the kao−20,up and kao−20,down
are shown in Figure 6. In the case of kao−20,up, the water
molecules in L1P1 orient such that the hydrogen points directly
toward the surface hydroxyl oxygen as indicated by the peak
near orientation (i). By contrast, near kao−20,down the water
molecules sample orientation (v), which hinders bilayer-like
structure formation. Correspondingly, we do not observe any
L1P2 near kao−20,down, while there is a prominent L1P2 near
kao−20,up.
The orientations in L1P1 affect those observed in L1P2. In

the case of the kao−20,down surface, we select the region where
the second peak would be expected if there was one.
Interestingly, at first glance it appears that both kao−20,up and
kao−20,down surface have similar distributions. However, there
are subtle differences−specifically the configurations around
orientation (v) are sampled more while orientation (ii) is
sampled less in kao−20,down relative to kao−20,up. While
orientation (v) hinders ice nucleation, orientation (ii) is
favorable. In the second hydration layer (L2P1), configurations
favorable for ice nucleation (orientation (i)) are observed more
near the kao−20,up surface. It is also important to note that
configurations not favorable for ice structure, orientations (vi)
and (vii) are sampled lesser than in case of kao−20,down. It is the
combination of all these effects on water orientations that leads
to ice nucleation at kao−20,up while none is observed near the
kao−20,down surface.

To further investigate this synergistic effect of orientations on
ice nucleation, we studied kao−10,up and kao−0,up surfaces (data
not shown). We did not observe ice nucleation on these
surfaces within one microsecond simulations. The distribution
of water dipole orientation in L1P1 is simlar to that seen in case
of kao−20,up surfaces. In L1P2, orientations around (v) are
sampled lesser, while sampling around orientations (ii) and (vi)
is increased. In L2P1, the sampling of orientation (i) is lower,
and orientations (v), (vi), and (vii) are sampled more. This
emphasizes the synergy of the different orientations in
indicating ice nucleating propensity. Sampling favorable
orientations alone is insufficient to observe ice nucleation; it
is also important that the unfavorable orientations are not
sampled.

4. CONCLUSIONS

We present results elucidating the interplay of lattice matching
and hydrogen bonding on the heterogeneous ice nucleation.
Microsecond long molecular dynamics simulations of water in
contact with model surfaces were performed. The model
surfaces emulated the chemical structure of the mineral
kaolinite with a layer of surface hydroxyl groups exposed to
water. Ice nucleation is expected to occur at this layer. Lattice
spacing and the surface hydroxyl orientation was varied. We
found that ice nucleated only in cases where the lattice spacing
of the model surfaces matched with that of ice. However, even
with perfect lattice matching ice nucleation can be hindered by
manipulating the surface hydroxyl groups. When the surface
hydroxyl groups are flexible to rotate or held rigid in an “up”
configuration, ice nucleation is observed. By contrast, if the
surface hydroxyls are held rigid in the “down” configuration, no
ice nucleation is seen. The “up” configuration has surface
hydroxyls oriented parallel to the surface normal and in the
“down” configuration, surface hydroxyls are perpendicular to
the surface normal. This demonstrates that lattice matching and
hydrogen bonding are necessary but not sufficient conditions
for ice nucleation on mineral surfaces like kaolinite.
We find that ice nucleation begins in the second hydration

layer. Cooperative changes in the water structure in the first
and third hydration layer occur simultaneously during the
nucleation process. This structure in these layers are affected by
water−surface and water−water interactions. We capture this

Figure 6. Distribution of angle between water dipole and surface normal for water molecules in (a) the first peak of the first hydration layer (b)
second peak of the first hydration layer (c) first peak of the second hydration layer. Color code: kao−20 − red; kao−20,up − cyan; kao−20,down − purple.
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interplay by characterizing the orientations of the metastable
liquid water in the vicinity of the surfaces. We find that
sampling orientations favorable for bilayer formation alone does
not result in ice nucleation. It is a synergistic effect of
orientationssampling favorable and not sampling unfavorable
configurationsthat leads to ice nucleation. Such a balance of
orientations can be easily perturbed by subtle changes to the
surface properties. The complex relationship between surface
properties and interfacial water structure results in the
complexity of heterogeneous ice nucleation reported. These
results in combination with our previous results on AgI
surface37 suggest that water orientation of metastable liquid in
contact with a surface can provide a measure to ascertain
whether the surface is a good or bad ice nucleating agent.
Further studies to investigate this correlation over a broader
range of surfaces is currently underway in our group.
Additionally, the necessity of running long microsecond long
MD simulations to observe ice nucleation limits the number of
nucleation events we can sample. To address this, various
advanced sampling techniques such as transition path
sampling,64 transition interface sampling,65 and forward flux
sampling66 can be used. This will enable sampling of statistically
relevant number of nucleation events thereby, providing data
for further developing correlations between ice nucleation and
water structure. Such efforts, specifically using forward flux
sampling to study ice nucleation, are currently being pursued in
our research group.
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